Momentum signatures for Schwinger pair production in short laser pulses
  with a sub-cycle structure by Hebenstreit, Florian et al.
ar
X
iv
:0
90
1.
26
31
v2
  [
he
p-
ph
]  
20
 A
pr
 20
09
Momentum signatures for Shwinger pair prodution in short laser pulses with a
sub-yle struture
F. Hebenstreit,
1
R. Alkofer,
1
G. V. Dunne,
2
and H. Gies
3
1
Institut für Physik, Karl-Franzens Universität Graz, A-8010 Graz, Austria
2
Department of Physis,University of Connetiut, Storrs, CT 06269, USA
3
Theoretish-Physikalishes Institut, Friedrih-Shiller Universität Jena, D-07743 Jena, Germany
(Dated: November 12, 2018)
We investigate eletron-positron pair prodution from vauum for short laser pulses with sub-yle
struture, in the nonperturbative regime (Shwinger pair prodution). We use the non-equilibrium
quantum kineti approah, and show that the momentum spetrum of the reated eletron-positron
pairs is extremely sensitive to the sub-yle dynamis  depending on the laser frequeny ω, the pulse
length τ , and the arrier phase φ  and shows several distintive new signatures. This observation
ould help not only in the design of laser pulses to optimize the experimental signature of Shwinger
pair prodution, but also ultimately lead to new probes of light pulses at extremely short time sales.
PACS numbers: 12.20.Ds, 11.15.Tk, 42.50.Xa
Eletron-positron pair prodution due to the instabil-
ity of the quantum eletrodynamis (QED) vauum in an
external eletri eld is a remarkable non-perturbative
predition of QED [1, 2, 3℄ that has not yet been diretly
observed. Signiant reent advanes in laser tehnology
have raised hopes that the required ritial eld strength
of Ecr ∼ 1016 V/m may soon be within experimental
reah [4, 5, 6℄, either in optial high-intensity laser fa-
ilities suh as Vulan or ELI [7℄ or in X-ray free ele-
tron laser (XFEL) failities [8℄. Observation of this elu-
sive phenomenon in the non-perturbative domain would
omplement the perturbative multi-photon pair produ-
tion seen at SLAC E144 using nonlinear Compton sat-
tering [9℄. Moreover, it would represent a signiant
advane in our understanding of non-perturbative phe-
nomena in quantum eld theory, with potentially impor-
tant lessons for related phenomena suh as Unruh and
Hawking radiation. The Shwinger mehanism has also
been used to study various non-perturbative phenomena:
e.g., string-breaking in the strong interations [10℄, pair
prodution in superritial elds [11℄, neutrino produ-
tion in a fermioni density gradient [12℄, and saturation
in heavy-ion ollisions [13℄. Sine the basi physis is
quantum tunneling, the eet is exponentially weak, and
so it is important to searh for distintive signs that
might failitate its detetion. Here we onsider a real-
isti laser pulse with sub-yle struture, and nd dis-
tintive new signatures in the momentum distribution of
the produed pairs. We also explain these signatures by
relating the non-equilibrium quantum kineti approah
[14, 15, 16, 17, 18, 19℄ to the quantum mehanial sat-
tering desription [20, 21, 22℄.
The original estimates [1, 2, 3℄ assumed a onstant
and uniform external eletri eld, but realisti ultra-
strong elds are realized in short pulse, foussed lasers.
We onentrate here on the time dependene of the ele-
tromagneti eld and neglet spatial variations, assum-
ing that the spatial foussing sale is muh larger than
the Compton wavelength. This approximates the exper-
imental situation of two ounter-propagating short laser
pulses, generating a standing-wave eletri eld whih is
approximately spatially homogeneous in the interation
region, suh that
~E(t) = (0, 0, E(t)) with (see Fig. 1)
E(t) = E0 cos(ωt+ φ) exp
(
− t
2
2τ2
)
. (1)
Here ω is the laser frequeny, τ denes the total pulse
length, and φ is the 'arrier phase' (arrier-envelope
absolute phase). We are motivated to investigate the
arrier-phase dependene of the Shwinger mehanism
by the sensitive arrier-phase dependene of strong-eld
ionization experiments in atomi, moleular and optial
(AMO) physis [23℄. It is onvenient to introdue the pa-
rameter σ = ωτ as a measure of the number of osillation
yles within the Gaussian envelope pulse. This type of
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FIG. 1: Shape of the eletri eld Eq. (1), for arrier-phase
φ = 0, when passing from σ = 3 (dotted line) to σ = 4
(dashed line) to σ = 5 (solid line). The pure Gaussian eld
(dashed-dotted line) is given as referene.
eletromagneti eld onguration an be represented by
a time-dependent vetor potential
~A(t) = (0, 0, A(t)):
A(t) = −
√
π
8
e−σ
2/2+iφE0τ erf
(
t√
2τ
− i σ√
2
)
+c.c. (2)
Sine Shwinger pair prodution is a time-dependent
nonequilibrium proess, quantum kineti theory provides
2an appropriate framework [17, 19, 24, 25, 26, 27, 28, 29,
30℄. (Below, we relate this to the widely-used WKB ap-
proah). Within the quantum kineti approah, the key
quantity is the single-partile momentum distribution
funtion f(~k, t), whih satises a non-Markovian quan-
tum Vlasov equation inluding a soure term for eletron-
positron pair prodution. We stress that f(~k, t) is physi-
ally meaningful as the distribution funtion of real parti-
les only at asymptoti times t→ ±∞, when the eletri
eld vanishes. As demonstrated in [24℄, the eld-urrent
feedbak due to Maxwell's equation an be negleted in
the subritial eld strength regime, E0 . 0.1Ecr. Thus,
we need to solve just one integro-dierential equation:
df(~k, t)
dt
=
1
2
eE(t)ǫ⊥
ω2(~k, t)
∫ t
−∞
dt′
eE(t′)ǫ⊥
ω2(~k, t′)
[
1− 2f(~k, t′)
]
× cos
[
2
∫ t
t′
dτ ω(~k, τ)
]
. (3)
Here e is the eletri harge; ~k = (~k⊥, k‖) is the anon-
ial three-momentum; the kineti momentum along the
eld is dened as p‖(t) = k‖ − eA(t); ǫ2⊥ = m2 + ~k 2⊥ is
the transverse energy squared, and ω2(~k, t) = ǫ2⊥ + p
2
‖(t)
haraterizes the total energy squared. Note that Eq. (3)
is valid for Dira partiles (QED), however, there exists
a very similar equation for salar partiles (sQED) whih
takes the statistis into aount as well [17, 18, 19℄.
The appearane of, and interplay between, a total of
four sales  eletron mass m, applied eletri eld E0,
laser frequeny ω, and total pulse length τ  makes
the eletron-positron pair prodution proess in suh a
laser eld rather ompliated [31℄, and suggests that the
physis will not simply depend on the Keldysh parame-
ter γ ≡ mω/eE0. Shwinger pair prodution in a pulsed
eletri eld Eq. (1), with zero arrier phase (φ = 0), has
been studied using WKB [32℄. In the nonperturbative
regime, γ . 1, the momentum spetrum is:
d3P
dk3
∼ exp
(
−πEcr
E0
[
1− 1
8
γ˜2
]
− 1
eE0
[
γ˜2k2‖ +
~k2⊥
])
(4)
with γ˜2 = (1+ 1/σ2)γ2. We will show that several inter-
esting properties of the momentum distribution funtion
for short pulses with many yles per pulse are not ap-
tured by WKB.
We numerially integrate the quantum Vlasov equation
Eq. (3) to obtain the asymptoti distribution funtion
f(~k,∞) = d3P/dk3, for various values of the laser fre-
queny ω, hoosing a temporal width τ = 2 · 10−4 eV−1,
whih orresponds to a total pulse length of several times
10−19 s. This lies in the antiipated range of experimen-
tal parameters of future XFELs or may beome realizable
with higher harmonis or seondary-beam generation of
optial lasers. We onentrate on the dependene on the
longitudinal momentum k‖, setting ~k⊥ = 0. For the more
realisti ase of additional spatial pulse inhomogeneities,
we expet also nontrivial information enoded in all spa-
tial momentum diretions.
The most dramati new eet is that the momentum
distribution shows distintive osillations, with an osil-
lation sale set by the laser frequeny, as shown in Fig. 2.
The distane between suessive peaks in f(~k,∞) is given
by ω. This osillatory behavior beomes pronouned
when σ & 4, and the amplitude of the osillations in
the distribution funtion inreases further as we inrease
the number of yles within the pulse beyond 4.
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FIG. 2: Asymptoti distribution funtion f(~k,∞) for ~k⊥ = 0,
E0 = 0.1Ecr and φ = 0 when passing from σ = 3 (dotted line)
to σ = 4 (dashed line) to σ = 5 (solid line). Note that for
σ = 3 the anonial momentum value k‖ = 0 orresponds to
a kineti momentum p‖(∞) ≈ 75 keV, whereas for σ = 5 the
value k‖ = 0 is equivalent to p‖(∞) ≈ 0.
To understand the physial origin of these osillations,
we reall that for a spatially uniform but time dependent
eletri eld, the pair prodution proess an be viewed
as a one dimensional quantum mehanial sattering
problem, with 'potential' given by −ω2(~k, t) [20, 21, 22℄.
The number of produed pairs is related to the reetion
oeient for this over-the-barrier sattering problem. In
fat, this sattering piture is ompletely equivalent to
the quantum kineti approah [33, 34℄, and so we an
interpret these osillations as being due to resonanes
in the sattering problem as the shape of the potential
−ω2(~k, t) hanges with the momentum ~k. These osilla-
tions are missed when employing the WKB approxima-
tion to the sattering problem on whih Eq. (4) is based,
but an be seen learly in an exat numerial integration
of the sattering problem, or as we have shown here, in
an exat numerial integration of the quantum Vlasov
equation. This physial piture explains why the spa-
ing between the peaks is the laser frequeny, and also
explains the sensitive dependene on the other shape pa-
rameters, suh as σ.
In fat, there is an even more distintive dependene
on the arrier phase, φ, upon whih the form of the sat-
tering potential−ω2(~k, t) is extremely sensitive. The ar-
rier phase dependene is diult to disuss in the WKB
approah, beause a nonzero arrier phase breaks the
E(t) = E(−t) symmetry of the pulse shape, whih in turn
makes the imaginary time treatment of the WKB satter-
ing problem signiantly more ompliated [21℄. But in
the quantum kineti approah, the arrier phase auses
no omputational problems; it is just another parame-
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FIG. 3: Asymptoti distribution funtion f(~k,∞) for ~k⊥ = 0
for σ = 5, E0 = 0.1Ecr and φ = −π/4. The enter of the
distribution is shifted to p‖(∞) ≈ 102 keV.
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FIG. 4: Asymptoti distribution funtion f(~k,∞) for ~k⊥ = 0
for σ = 5, E0 = 0.1Ecr and φ = −π/2. The enter of the
distribution is shifted to p‖(∞) ≈ 137 keV.
ter. We have found that the introdution of the arrier
phase makes the osillatory behavior in the longitudinal
momentum distribution even more pronouned. This is
shown in Figs. 3 and 4, where the momentum distribu-
tion funtion is plotted for φ = −π/4 and φ = −π/2. We
see that for the same values of the other parameters, the
osillatory behavior beomes more distint as the phase
oset inreases. The most distintive momentum signa-
ture, however, is found for φ = −π/2, when the eletri
eld is totally antisymmetri. In this ase, the asymp-
toti distribution funtion f(~k, t) vanishes at the minima
of the osillations, as shown in Fig. 4. This feature also
has a diret analogue in the sattering piture: for an
antisymmetri eld, the gauge potential Eq. (2) is sym-
metri and so is the sattering potential well −ω2(~k, t).
In this ase, perfet transmission is possible for ertain
resonane momenta, orresponding to zero reetion and
thus zero pair prodution. Also note that the enter of
the distribution shifts from p‖(∞) = 0 to a non-zero value
again. These arrier-phase eets provide distintive sig-
natures, strongly suggesting a new experimental strategy
and probe in the searh for Shwinger pair prodution.
These momentum signatures an also be understood
in a quantum-mehanial double-slit piture, whih has
rst been developed in the ontext of above-threshold
ionization with few-yle laser pulses [35℄: in this pi-
ture, the osillations are fringes in the momentum spe-
trum that result from the interferene of temporally sep-
arated pair reation events. The fringes are large for
φ = −π/2, sine then the eld strength has two peaks of
equal size (though opposite sign) whih at as two tempo-
rally separated slits. Moving the arrier phase away from
φ = −π/2 orresponds to gradually opening or losing
the slits, resulting in a varying degree of whih-way in-
formation and thus a varying ontrast of the interferene
fringes. A quantitative onsequene of this double-slit
piture is that the width of the envelope of the osilla-
tions in the distribution funtion is related to the tem-
poral width of the slits. The width of the envelope of
osillations thus also beomes a probe of the sub-yle
struture of the laser.
To omplete the physial piture, we onsider the over-
all envelope of the longitudinal momentum distribution,
again for φ = 0, averaging over the rapid osillations.
When there are more than three yles per pulse (σ & 3),
the peak of the momentum distribution is loated near
p‖(∞) = 0, whereas for σ . 3 the peak is shifted to a
non-zero value. Furthermore, the Gaussian width of the
employedWKB approximation Eq. (4), whih sales with√
eE0/γ˜, is obviously somewhat broader than the true
distribution, as is shown in Fig. 5. We an quantify this
disrepany in the width, by extending the WKB result
beyond the Gaussian approximation inherent in Eq. (4).
We use the results from [36℄, where it has been shown
that the WKB instanton ation S~k in salar QED an
also be applied for spinor QED. Within this approah,
d3P/dk3 ∼ exp(−2S~k), where the instanton ation an
be dened in the omplex t−plane as a ontour integral:
2S~k = i
∮
Γ
√
m2 + ~k2⊥ + [k‖ − eA(t)]2 dt , (5)
with the path Γ around the branh ut. After a hange
of variable, from t to T = −A(t)/E0, we an expand
the instanton ation S~k in powers of (m/eE0τ)
2
and
(k‖/eE0τ)
2
. The result of this improvedWKB expression
to third order is plotted as the dashed line in Fig. 5, while
the Gaussian WKB formula Eq. (4) is shown as a dotted
line. We see that exp(−2S~k) ts very well the averaged
envelope of the exat momentum distribution, while the
Gaussian approximation Eq. (4) is signiantly broader.
Neither WKB estimate sees the osillatory struture of
the momentum distribution. Furthermore, the osilla-
tory behaviour of the momentum distribution funtion
is found also for salar partiles in the quantum kineti
framework of sQED, with the statistis playing a ruial
role: the averaged envelope of the momentum distribu-
tion funtions is idential, however, at momentum values
where QED predits a loal maximum in the momentum
distribution, sQED predits a loal minimum, and vie
versa.
To onlude, we point out that the momentum distri-
bution signatures desribed here, as well as their arrier-
phase and osillation-number dependene, provides for a
new handle on the rst detetion of Shwinger pair pro-
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FIG. 5: Comparison of the asymptoti distribution funtion
f(~k,∞) for ~k⊥ = 0 (osillating solid line) with the predition
of Eq. (4) (dotted line) and the improved WKB approxima-
tion based on an expansion of Eq. (5) (dashed line) for σ = 5,
E0 = 0.1Ecr and φ = 0.
dution and its quantitative exploration, one laser eld
strengths have beome suiently strong. In pratie,
these momentum signatures an distinguish Shwinger-
produed pairs from possible bakground events, e.g., in-
dued by residual-gas eets. As eletron spetrometers
used in laser-plasma aeleration experiments an reah
a resolution of better than 1%, the whole spetrum in-
luding the osillations will be diretly aessible.
Analogously to strong-eld ionization experiments [23,
35, 37, 38℄, these new pair-prodution signatures may
also serve as sensitive probes of sub-yle struture in
ultra-short laser pulses. In addition to the positron yield,
our results suggest a number of new observables suh as
the peak position and the width of the momentum dis-
tribution funtion and, most importantly, its potentially
osillatory struture. In partiular, the harateristis
of the osillations an provide rather preise information
about the arrier phase and the total pulse length. As the
latter laser harateristis are diult to ontrol a priori
in an absolute manner, these momentum signatures an
serve as a tomograph of the laser pulse, providing for a
unique means to verify and onrm design goals of future
laser systems at highest intensities.
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